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ABSTRACT 
IMPACTS OF INTEGRATED CROP-LIVESTOCK SYSTEM ON SOIL SURFACE 
GREENHOUSE GAS FLUXES AT A FARM SCALE IN SOUTH DAKOTA 
BRANT DOUVILLE 
2017 
Grazing and cover crops (CC) can impact soil nutrient cycling but may increase the 
greenhouse gas (GHG) emissions from soils. However, little is known about their impacts 
on soil properties and soil surface GHG emissions in an integrated crop-livestock system 
(ICLS) in South Dakota, USA. The present study was conducted at a farm scale at the 
Research Farm of South Dakota State University, Brookings, South Dakota, to assess the 
impact of cover crops and grazing on soil pH, electrical conductivity (EC), and bulk 
density (BD), and soil surface carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O) fluxes. Study treatments included grass dominated mixture CC and broadleaf 
dominated mixture CC, both with and without grazing, and the control field with no CC 
or grazing. Soil BD samples were collected using a 5 cm diameter and 5 cm height core 
from 0-5 and 5-15 cm depths. Additionally, soil samples were collected from 0-5, 5-15, 
and 15-30 cm depths using a manual push probe to measure the soil EC and pH. The BD 
was conducted using the core method. Soil pH and EC was measured using a suspended 
sample consisting of soil (air-dried) and water (soil:water), with an Orion Star pH and EC 
meter. Soil surface GHG fluxes were monitored using polyvinyl chloride (PVC) static 
chambers (25 cm diameter x 15 cm height) installed in the field. Gas samples were taken 
daily in 2016, and weekly, depending on weather conditions, in 2017. 
 
 
x 
 
The results showed that grazing significantly increased soil pH and EC for all depths. The 
grazing treatment significantly decreased soil BD for the lower depth. Legume CC 
significantly decreased pH for all depths, while grass CC decreased pH for the lower two 
depths. Legume CC significantly decreased EC at the surface and lower depth, while 
grass CC only lowered EC at the lower depth. The CC treatment showed no significant 
effect on BD at any depth. Grazing treatment showed no significant results for CO2 or 
CH4 fluxes for either sampling year. Grazing did not show any effect on N2O fluxes for 
2016, but significantly increased fluxes during 2017. Neither CC treatment had any 
effects on N2O nor CH4 fluxes. However, in 2016, the legume CC significantly increased 
CO2 emissions and both CC treatments increased CO2 fluxes compared to fallow (control) 
for the 2017 season. Time effects on soil CH4 fluxes were not significant, however, were 
significant for CO2 and N2O fluxes. Soil CO2 and N2O fluxes increased as soil and air 
temperature increased, and soil moisture increased.  
The present study concluded that grazing significantly impacted the selected soil 
properties such as pH, EC, and BD, however, CCs are less likely to impact the selected 
properties in the short-term (first year of study). The grazing treatment significantly 
increased soil N2O fluxes but did not impact soil CO2 and CH4 fluxes. The CC treatment 
significantly increased soil CO2 fluxes compared to the fallow but did not impact soil 
CH4 and N2O fluxes. Time significantly impacted soil CO2 and N2O fluxes but did not 
impact CH4 fluxes. A positive correlation between CO2 and N2O fluxes, soil and air 
temperature, and soil moisture was identified. Since some soil properties and GHG 
emissions were negatively impacted by the grazing and CC in the ICLS during this short-
 
 
xi 
 
term study, further research for the long-term effects of grazing and CC should be 
conducted. 
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CHAPTER 1 
INTRODUCTION 
Small-scale, diverse operations used to occupy the majority of agriculture land 
which utilized residues and resting pasture for grazing animals (Sulc and Franzluebbers, 
2014). Since then, the industrial era has led to the use of large machinery/equipment for 
labor, decoupling animal husbandry and crop production (Sulc and Tracy, 2007). The 
integration of crop and livestock production, referred to as integrated crop-livestock 
system (ICLS) (Nie et al., 2016) has been used in various parts of the world for 
improving farm productivity. Benefits associated with ICLS include diversity of 
enterprise, increased nutrient cycling, improved soil structure, and enhanced total 
production of livestock and crop with minimal inputs (Nie et al., 2016). However, 
producers seeking to re-integrate animal and crop productions are facing problems such 
as animal husbandry and regulation knowledge loss, lack of variation in animal genetics, 
processing infrastructure loss (Hilimire, 2011), as well as lack of soil and environmental 
assessments of ICLSs. The goal of this study was to evaluate the impacts of ICLS on soil 
properties and greenhouse gas (GHG) emissions from soils.  
Atmospheric concentrations of the three most abundant GHGs: carbon dioxide 
(CO2), nitrous oxide (N2O), and methane (CH4) have increased by 43, 21, and 160%, 
respectively, since the pre-industrialization era (USEPA, 2015). Increase in GHG 
emissions are mainly anthropogenic-driven and are consequences of actions such as fossil 
fuel combustion, application of synthetic fertilizers, livestock and waste management and 
more (USEPA, 2015). The contributions of CO2, N2O, and CH4 account for 97% of total 
GHG emissions (82, 5, and 10%, respectively). The agriculture sector contributes 9% of 
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the total anthropogenic GHGs in the United States (USEPA, 2015).  
Major factors impacting soil properties and soil surface GHG emissions in an 
ICLS are cover crops (CC) and grazing. Addition of plant residue from CCs consequently 
increases decomposition which enhances soil organic matter (SOM) (Fageria et al., 
2005). The SOM enhances soil aggregate stability, soil aeration, water-holding capacity 
and bulk density (BD). Cover crops, such as leguminous crops, have the potential to 
increase soil fertility. McVay et al. (1989) found that CCs have the potential to alter soil 
pH. The research suggested that various CC species can affect total exchangeable ions, 
hence, altering the soil pH. Leguminous CCs with nitrogen fixing abilities can increase 
soil nitrogen (N) without the application of fertilizers, subsequently decreasing N2O 
fluxes (Chiavegato, 2014). Soil surface N2O fluxes may also be reduced from decreased 
nitrate levels when using ‘catch crops’ (Baggs et al., 2000; Mitchell et al., 2013). The 
CCs may also contribute to CO2 emissions by increasing plant residue (Alluvione et al., 
2010). The more carbon (C) sequestered in the soil, the less CO2 emitted from the soil. 
The CH4 production is dependent on regulatory factors involved with the microbial 
community contributing to CH4 emissions. Contributing factors consist of soil aeration, 
electron acceptor presence, SOM abundance and make-up, methanogenic population, and 
vegetation type (Chiavegato, 2014). 
Grazing is an also important management practice to incorporate into GHG 
discussions as grazing area occupies half of earth’s total land mass (Follett and Reed, 
2010). Bremer et al. (1998) studied CO2 responses to grazing and found grazing 
decreased CO2 emissions because of the decreased leaf area index (LAI) by grazing. 
Rafique et al. (2011) examined N2O responses to grazing and found increased emissions 
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on sites frequently grazed. Liebig et al. (2010) studied grazing contributions to net global 
warming potential (GWP), which included assessing CH4 emissions, and found emissions 
to vary by season, but annual emission rates did not change by grazing treatments.  
Grazing holds the potential to have beneficial or negative effects on soil 
properties. In poorly managed grazing locations, species composition may consist of 
monotypic plant populations if forages are selected by palatability (Teague et al., 2011). 
Properly managed grazing can result in improved nutrient cycling, soil microbial activity, 
aggregate stability, and increased C sequestration and SOM from plant litter and residues 
(Chiavegato, 2014; Teague et al., 2011) 
Soil physical and chemical properties can influence the magnitude of soil GHG 
emissions. Soil pH can affect the amount of exchangeable ions in the soil, which can 
indicate potential of CO2 and N2O emissions (Alluvione et al., 2010). Bulk density relates 
to the amount of air and water movement in the soil (Lampurlanés and Cantero-Martinez, 
2003), as compaction may play large roles in GHG emissions.  
 The objectives of this study are to (i) evaluate the impacts of CCs (two mixtures) 
under ICLS on soil surface CO2, CH4, and N2O emissions and the selected soil properties: 
pH, EC, and BD, (ii) gain a better understanding of the effects associated with grazing 
under ICLS on soil GHG emissions and soil properties, and how grazing will affect the 
entire management system.  
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CHAPTER 2 
LITERATURE REVIEW 
Coupling of animal husbandry and crop production, also known as integrated crop-
livestock system (ICLS), has been developed and implemented into management practices 
for eight to ten thousand years (Halstead, 1996; Smith, 1995). However, over the last 
century, advances in technology and economies-of-scale have led to global increases in 
farm specialization (MacDonald and McBride, 2009). Pioneer establishment, along with 
livestock production, began during the 1850’s in the northern Great Plains (NGP), USA. 
Frequent droughts and poor livestock management resulted in severe dust storms during 
the early 1900s (Wang et al., 2016). Specialized cropping or livestock systems intended 
for production of food, feed, or fuel currently occupy more than 70% of the NGP 
(USGCRP, 2009). Management systems including livestock and crop production are less 
practiced in the NGP (Wishart, 2004). This literature review focuses on the response of 
soil properties and greenhouse gas (GHG) emissions to cover crops (CC) and grazing 
associated with ICLS. This chapter is divided into different subheadings mentioned 
below as: 
2.1. Agricultural Greenhouse Gas Emissions 
Recently, a large focus of research has been contributed to GHG emissions and 
their effects on the environment. GHGs are gaseous molecules that engross infrared 
radiation in the Earth’s atmosphere, trapping heat and increasing the temperature of the 
Earth’s surface (Snyder et al., 2009). Several categorical sectors of contributors exist 
which have increased the atmospheric concentration of GHGs (USEPA, 2015). One 
sector, which is also the main focus of this article, is agriculture. Agricultural GHG 
fluxes are emissions that are released during any processes related to agricultural 
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production (USEPA, 2015). These agricultural emissions contribute 9% of the total 
anthropogenic GHGs (USEPA, 2015). Agricultural GHGs mainly include three specific 
trace gases: nitrous oxide (NO2), carbon dioxide (CO2), and methane (CH4). Of the total 
GHG emissions from agriculture, the CO2 accounts for the greatest amount (82%) with 
CH4 (10%) and N2O (5%) following, respectively (USEPA, 2015).  
 Carbon dioxide is a widely recognized GHG pollutant. These gases can be 
emitted from industrial product application, fossil fuel combustion (machinery), and 
agriculture such as land use change and management practices (USEPA, 2015). Carbon 
dioxide is also emitted from below and above-ground plant biomass. Hanson et al. (2000) 
quoted Wiant (1967) about discussing forest soil respiration and said “root respiration 
includes all respiration derived from organic compounds originating in plants including 
the respiration of living root tissue, the respiration of symbiotic mycorrhizal fungi and 
associated microorganisms, and the decomposing organisms operating on root exudates 
and recent dead root tissues in the rhizosphere." On an average, plant root respiration can 
account for nearly 50% of total soil respiration (Hanson et al., 2000). When discussing 
agricultural CO2 emissions, it is important to conceptualize that management can account 
for up to 50% of the total GHG fluxes emitted from the agricultural sector The amount of 
CO2 that will be oxidized is dependent on the specific type of management practice used 
(West and Marland, 2002). Carbon dioxide is one of the most discussed trace gases when 
focusing on GHG inventories and will have a large focus for this thesis (Snyder et al., 
2009). 
 Methane can be emitted from several different sources in agriculture. Soil acts as 
a source-sink for CH4 gas, as it does for CO2. Methanogensis occurs when CH4 is 
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manufactured by microbial activity in anaerobic conditions (Dutaur and Verchot, 2007). 
Soils that possess a wetting-drying cycle, such as upland soil, will most likely have 
methanotrophy as one of the dominant processes (Dutaur and Verchot, 2007). 
Methanotrophy is important to the “sink” aspect of CH4 emissions because 
methanotrophic bacteria is believed to consume up to 50% of the total CH4 produced by 
soil (Dutaur and Verchot, 2007). Another contributor to methane pollution, through the 
methanogensis process, is anaerobic crop fields such as rice (Snyder et al., 2009). CH4 
can also be emitted from fermentation of organic matter. Ingested organic matter inside a 
ruminant’s stomach will be exposed to anaerobic conditions to help digest structural 
polysaccharides such as hemicellulose and cellulose (Mosier et al., 1998). At this point, 
methanogenic bacteria generate CH4 which will be expelled by the animal. CH4 
emissions occur naturally, and are emitted from agriculture, but are more prevalent in 
concentrated animal feeding operations (CAFO) where manure lagoons may be present 
(Snyder et al., 2009). The CH4 emissions that will be examined in this research will come 
mainly from rainfall events in which methanogenesis occur. 
 The last of the three gases, which is commonly associated with agricultural 
emissions, is N2O (Snyder et al., 2009). When viewed as a whole, N2O makes up a very 
small part of GHG emissions from agriculture, but the global warming potential (GWP) 
of N2O is very high. CO2 is considered the standard with a GWP of 1. Comparatively, 
N2O has a GWP of 298 times the GWP of CO2 over a hundred year period (USEPA, 
2015). N2O is emitted by agriculture during the combustion of fossil fuels and from 
livestock waste (USEPA, 2015). Application of fertilizers rich in nitrogen can also lead to 
increased N2O emissions (Snyder et al., 2009). N2O emissions are produced during two 
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processes: nitrification and denitrification. Nitrification includes ammonia (NH3
+) being 
converted to nitrate (NO3
-) by soil bacteria (Norton, 2008). Denitrification is the 
conversion of NO3
- to dinitrogen (N2) by soil bacteria (Robertson and Groffman, 2007). 
Soil bacteria involved in these processes are releasing N2O during the breakdown of 
NH3
+ and conversion of NO3
- (Mosier et al., 1998). In cultivated land, denitrification is 
the dominant process in N2O production (Mitchell et al., 2013). Environmental factors 
such as temperature, moisture, and soil microbiology can influence N2O emission levels 
(Snyder et al., 2009). N2O is typically the most discussed gas involved with agricultural 
emissions and will possess the most focus for this study.  
2.2. Soil Properties 
 Soil physical properties are considered to be fundamental indicators used to assess 
soil health and quality (Doran, 2002). Some common physical properties used to 
determine the soil condition include soil texture, cation exchange capacity (CEC), 
structure, color. One soil physical property, bulk density (BD), is commonly used to 
assess soil strength in agricultural systems (Lampurlanés and Cantero-Martinez, 2003). 
Bulk density can be used to calculate total porosity which can provide measurements for 
air and water movement (Lampurlanés and Cantero-Martinez, 2003). As a general rule of 
thumb, low BD values may result in decreased soil to root contact, and high BD values 
may result in increased root penetration resistance and decreased dioxygen (O2) 
availability (Lampurlanés and Cantero-Martinez, 2003). Soil pH is a chemical property of 
soil, which refers to the severity of acidity or alkalinity (Smith and Doran, 1996). The pH 
of the soil is a measure of the activity of hydrogen ions in a soil solution (Smith and 
Doran, 1996). Soil pH can be influenced by an array of factors, some of which include 
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biological activity, application of fertilizers, and soil organic matter (SOM) (Smith and 
Doran, 1996). Soil pH is an indicator of soil health typically used to assess nutrient 
availability (Schoenholtz et al., 2000). The pH of soil can range from 0-14, with 7 being 
the “neutral” number (Smith and Doran, 1996). Soil pH is very important in assessing 
soil health because pH can largely influence many other biological and chemical 
processes (Schoenholtz et al., 2000). Soil pH is important to GHG emissions, and can 
ultimately affect the magnitude of CO2 and N2O emission rates (Alluvione et al., 2010). 
Some of the largest problems associated with poor pH levels entail nutrient deficiencies, 
reduced microbial activity and crop yield, and declination of environmental health (Smith 
and Doran, 1996). Electrical conductivity (EC) is another chemical property of soil 
commonly used to assess soil health. The EC measures electrical current carrying 
abilities of soil water (Smith and Doran, 1996). The ions in the soil solution are made up 
of cations (Ca++, Mg++, K+, Na+, H+) or anions (NO3
-, SO4
-, Cl-, HCO3
-, CO3
-, OH-) 
(Smith and Doran, 1996). The EC samples are used to quantify the ion concentration in 
soil and to represent the potential adverse impacts of salinity on osmotic potential and 
nutrient equilibriums (Schoenholtz et al., 2000). Electrical conductivity is a measurement 
used to evaluate nutrient availability (Eigenberg et al., 2002). Problems associated with 
abnormal EC levels include decline of crop production and microbial activity, poor 
drainage and structure, and in severe cases, sodium toxicity (Smith and Doran, 1996).  
2.3. Cover Crop Impacts on Soil Properties and GHG  
Fageria et al. (2005) defined cover crops (CCs) as spatially-close growing plants 
which provide soil protection while improving soil quality. Numerous benefits are 
associated with CCs including enhanced soil physical, biological, and chemical 
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properties, in-turn, enhancing soil quality and crop yield. For example, CCs can limit or 
reduce the amount of bare ground or fallow land (Smith et al., 2008). Reducing the 
amount of bare ground may contribute to increased plant residues. Covering the bare 
ground with crops is a key factor for sustainable cropping systems (Fageria et al., 2005) 
by increasing C storage, therefore, reducing soil GHG emissions (Snyder et al., 2009). 
2.3.1. Cover Crop Impacts on Soil Properties  
One widely known effect of implementing CCs into management systems is 
increased nutrients in the system (Fageria et al., 2005). The CC variation pertains to the 
type of plants used in the mixture to achieve a specific goal. Vegetation type and amount 
of cover can influence soil physical and hydrological properties (Chiavegato, 2014). 
Leguminous species are utilized as CCs because legumes have the ability to fix N, and 
grass species are utilized as CCs because of their ability to reduce nutrient leaching and 
erosion (Fageria et al., 2005; Meisinger et al., 1991; Smith et al., 1987). Legumes are 
beneficial for soil health, and livestock receives higher concentrations of crude protein 
after grazing these crops, which will increase the feed efficiency and performance of the 
livestock (Gardner and Faulkner, 1991). Beneficially, legumes possess a lower quantity 
of structural carbohydrates (decreased fiber content), presence of condensed tannins, and 
faster passage rate of when compared to grasses (Beauchemin et al., 2008). The CCs are 
typically killed by herbicide application on the soil surface before maturity is reached and 
the cash crop is planted (Fageria et al., 2005).  
Cover crops may be referred to as “catch crops” which are CCs intended to 
‘catch’ nutrient loss (Thorup-Kristensen et al., 2003). Catch crops reduce N leaching 
losses to the environment, reducing N contamination of aquifers, drinking water, and 
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surface waters (Thorup-Kristensen et al., 2003). Another positive outcome associated 
with utilizing CCs in agricultural soils is increased soil N from plant matter 
mineralization of CCs (Thorup-Kristensen et al., 2003). The N mineralization of CCs will 
provide subsequent crops available N, thus increasing yield of the subsequent crop 
(Thorup-Kristensen et al., 2003). Cover crops which are used to increase soil N are 
referred to as green manures. Green manures is defined as crops grown to enhance soil 
fertility and provide a source of N for succeeding crops, while improving SOM (Baggs et 
al., 2000). Green manures are most widely used in organic farming management systems 
(Baggs et al., 2000). 
The CCs may impact BD as these crops can strongly influence soil physical 
properties associated with soil BD. Addition of plant residues increases decomposition 
which consequently enhances SOM (Fageria et al., 2005). Soil organic matter is known to 
improve soil fertility and production (Wilhelm et al., 2004). Soil organic matter enhances 
soil aggregate stability, soil aeration, water-holding capacity, and various other soil 
parameters (Carter and Stewart, 1995). Six et al. (1999) concluded that soil structure, and 
aggregate stability and formation were the most influential soil physical property related 
to SOM. Compounds found in SOM are responsible for binding soil particles into 
aggregates, in-turn, affecting soil BD. Higher BD can reduce the amount of oxygen (O) 
in the soil, thus, negatively impacting crop growth (Losada et al., 2007). Cover crops, 
especially leguminous CCs, have the potential to increase soil fertility. McVay et al. 
(1989) found that CCs possess the potential to alter soil pH, and different CC species can 
affect total exchangeable ions, and can alter the soil pH. 
2.3.2. Cover Crop Impacts on Soil GHG Emissions 
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 Introducing legumes through rotational grazing management can potentially 
increase soil N, resulting in greater fertility and reducing the need for off-farm fertilizers, 
potentially reducing N2O emissions at the farm scale (Chiavegato, 2014). Non-
leguminous species can decrease NO3
- leaching from soil through N uptake and 
immobilization from decomposition (Mitchell et al., 2013). The effect of decreasing soil 
NO3
- levels results in decreasing rates of soil N2O emissions (Baggs et al., 2000).  
 Carbon dioxide emissions are related to the amount of C sequestered (Alluvione 
et al., 2010). Soil C is determined by the balance of C inputs through CC residues and 
through C loss by decomposition. One method examined to reduce CO2 emissions from 
soils is to alter the cropping intensity of the system. Perennial grasses have large below-
ground biomass which aids in C sequestration (Paustian et al., 2000).  
 Cover crops impact the production of CH4 through altering factors such as soil 
aeration, alternative electron acceptor presence, SOM abundance and make-up, 
methanogenic population, and vegetation type (Chiavegato, 2014). Depending on factors 
regulating the activity of soil microbes responsible for CH4 production and consumption, 
grasslands soils can be small CH4 sinks (Chan and Parkin, 2001) or sources (Allard et al., 
2007; Chiavegato, 2014). 
2.4. Grazing Impacts on Soil Properties and GHG  
2.4.1. Grazing Impacts on Soil Properties 
 Grazing can largely influence physical properties of the soil. The magnitude of 
the impact can be determined by the type, or intensity of grazing that is occurring. Many 
types of grazing systems exist, with the most common type of grazing system being a 
continuous, season-long grazing system (Chiavegato, 2014; Teague et al., 2011). 
12 
 
 
 
Continuous grazing systems typically involve animals grazing large paddocks over an 
entire grazing season (Teague et al., 2011). In continuous grazing systems, livestock are 
able to selectively choose the most desirable forage species for sustenance, while 
avoiding species that are less palatable, causing irregular forage consumption 
(Chiavegato, 2014). Continuous grazing management becomes problematic when forages 
are subject to selective grazing, giving undesirable species more opportunity to reproduce 
and out-compete desirable forage species (Teague et al., 2011). Rotational grazing is 
considered a conservational grazing management system that involves separating large 
areas of land into smaller paddocks, thus creating a more even grazing consumption 
throughout the area, with the intent of improving or maintaining forage production and 
harvest efficiency by means of improved soil physical, chemical, and hydrological 
properties (Teague et al., 2011). Rotational grazing can result in less bare ground 
exposed, reduced soil temperature, and increased C in the soil (Teague et al., 2011). 
Other soil components likely to improve under rotational grazing include soil microbial 
activity, aggregate stability, nutrient availability, and increased SOM from plant litter and 
residues (Chiavegato, 2014). One major factor impacted by conventional management 
includes the soil BD. The latter may increase due to compaction which can also cause 
increased soil penetration resistance and can hinder aggregate stability (Teague et al., 
2011). If soils are properly managed, soil functions and ecosystem health can increase 
(Chiavegato, 2014). 
2.4.2. Grazing Impacts on CO2 
 Carbon dioxide is the most abundant trace gas emitted during agricultural 
practices (USEPA, 2015). In agricultural soils, CO2 emissions and C sequestration are 
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discussed together because if C is sequestered by soil, net CO2 emission should decrease 
(Paustian et al., 2000). One key factor for C sequestration and balance, that remains 
relatively unexplored, is grazing (McSherry and Ritchie, 2013). Grazing is a key factor 
because land used for grazing occupies the largest (more than half total land) and the 
most diverse land resources than any other agricultural related land (Follett and Reed, 
2010). Poorly managed grazing land or over-harvesting forages can lead to a loss of plant 
residue, which leads to decreased amounts of SOM and C (Follett and Reed, 2010). 
Managing livestock grazing so the output of plant production is greater than the input will 
result in a total increase of SOM and C storage (Follett and Reed, 2010). The amount of 
increase in soil C will vary by properties such as temperature, moisture, erosion, leaching 
and water-holding capacity (Follett and Reed, 2010). 
2.4.3. Grazing Impacts on CH4  
Methane emissions from grazed sites emit CH4 through soil and enteric 
fermentation, which contributes to about 40% of total CH4 emissions from the 
agricultural sector (Gerber et al., 2013). Soil properties and microbial activity are among 
the most influential factors affecting soil CH4 fluxes. Prior research has shown that 
grazing negatively affects the absorption of CH4 into soils (Chen et al., 2011; Salton et 
al., 2014). Other research also shows that an ICLS may diminish the CH4 absorption rate 
(Dong et al., 2000; Liu et al., 2007; Schönbach et al., 2012). The lack of absorption may 
be consequences of increased manure from livestock, therefore, affecting the quantity and 
activity of methanotrophs (Zhou et al., 2008), reducing CH4 absorption (Chen et al., 
2011).   
2.4.4. Grazing Impacts on N2O 
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 Animal excretions and application of fertilizers are two sources of N2O emissions 
from intensively managed grasslands (Rafique et al., 2011). Soil surface N2O emissions 
are also influenced by O2 availability, N content of the soil, soil aeration and moisture, 
temperature, pH, and total amount of available C in the soil (Chiavegato, 2014). Soil N2O 
emissions can also be influenced by timing and application of organic and inorganic 
fertilizers and urine deposits of livestock (Rafique et al., 2011). Major soil processes 
involved with N2O emissions are determined by soil water content (Chiavegato, 2014). 
Methods to reduce the amount of N2O emissions from soils in grazed grasslands are 
evolving. One method of reducing N2O emissions from grazed sites is prohibiting grazing 
on seasonally wet soils (Eckard et al., 2010). The restriction of grazing on wet soils can 
reduce excretory depositions causing N2O hotspots, and reduces compaction by 
trampling, increasing soil aeration (Eckard et al., 2010). Conservational grazing that 
would include sufficient rest periods which restricts overgrazing may potentially result in 
decreased N2O emissions than sites incorporating continuous, or conventional, grazing 
(Chiavegato, 2014). Oenema et al. (2005) concluded that N2O emissions were greater in 
sites that were intensively managed than sites with conservative management, and in sites 
that were poorly drained compared to well drained sites. The transition from conventional 
grazing to conservational grazing may also lead to decreased N inputs by increasing N 
cycling and use efficiency in the grazing system, in-turn, leading to a decrease in 
cumulative N2O emissions from soils (Oenema et al., 2005). 
2.5. Research Gaps 
 Before World War II, agriculture in the USA was diverse and labor intense (Sulc 
and Tracy, 2007). These labor intensive farms were small and crop and livestock were 
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tightly integrated (Sulc and Tracy, 2007). Integrating crop production and animal 
husbandry provides greater variety in agricultural products than the products associated 
from having one system alone (Russelle et al., 2007). Another benefit of having livestock 
to couple cropping systems includes the utilization of fiber that would otherwise be 
deemed not useable for human consumption (Russelle et al., 2007). Produce from 
integrated agricultural systems include meat, dairy, crop fruits, and fertilizer from manure 
of grazing animals (Russelle et al., 2007). Over time, these diverse operations have 
become more large-scale with less diversity. Large scale operations without cattle to 
recycle nutrients rely on off-farm fertilizers, disrupting within-farm nutrient cycling (Sulc 
and Tracy, 2007). Large scale operation trends have been noticed in the US Corn Belt by 
Sulc and Tracy (2007) who found evidence showing cattle numbers in the US Corn Belt 
has declined by 52% since 1945. Cattle that once occupied the US Corn Belt were found 
to be relocated to concentrated animal operations in western parts of the US (Sulc and 
Tracy, 2007). Specialized agricultural production systems impose negative environmental 
effects including reduction of plant diversity, loss of soil organic matter, reduction of soil 
physical properties and increased contributions to GHG emissions (Sulc and Tracy, 
2007). Negative effects related to specialized systems vary by site, and the magnitude of 
the effects are site specific, however, these effects may accumulate to reach regional or 
global scales (Sulc and Tracy, 2007). In an attempt to improve animal welfare, 
environmental qualities, and biodiversity, operations are seeking to re-integrate animal 
production into their management systems (Hilimire, 2011).  
ICLSs have been globally examined to monitor different effects (e.g., Amede et al., 
2009; Bell et al., 2014; Ewing et al., 2004; Hilimire, 2011; Nie et al., 2016; Peyraud et 
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al., 2014; Russelle et al., 2007). These examinations included a variety of system-related 
problems which entail the obstacles and opportunities of integrating crops and livestock, 
effects of soil structure, SOC, N-fixation, biophysical analysis, as well as the construction 
of ICLSs (Nie et al., 2016). However, key ecological aspects associated with ICLS, such 
as the impacts on influential soil properties and GHG emissions, are lacking for South 
Dakota.  
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CHAPTER 3 
MATERIALS AND METHODS 
3.1       Study Site 
The study site is located near Brookings (44°20'29.4"N, 96°48'08.4"W), South 
Dakota at the Research Farm of South Dakota State University. The experiment was 
initiated in 2016 to study the impacts of ICLS on soil surface GHG fluxes at a farm scale. 
These plots were established on nearly flat areas with a slope of less than 2%. The 
average annual rainfall is 617 mm and the average temperature ranges from -9.9°C in 
January to 20°C in July. The dominating soils for this site include; (i) McIntosh-Badger 
silty clay loams (fine-silty, frigid Aeric Calciaquolls), (ii) Vienna-Brookings complex 
(fine-loamy, mixed, frigid Udic Haplobrolls), and (iii) Fordville loam (fine-loamy over 
sandy or sandy-skeletal, mixed, superactive, frigid Pachic Hapludolls) (Soil  Survey 
Staff, 2017).  
3.2       Experimental Design and Grazing and Cover Crop Treatments 
The study site contained three separate watersheds, about 10 acres in size, each. 
The experiment included two cover crop treatments, two grazing treatments, and control. 
Treatments include: (i) Grass blend dominated CC [Oats (Avena sativa L.) 25.0%, 
German Millet (Setaria italic (L.) P. Beauv.) 20.0%, Barley (Hordeum vulgare L.) 20% 
Sorghum (Sorghum bicolor L.), 25%, Pea (Pisum sativum L.) 4.0%, Radish (Raphanus 
sativus L.) 5%]; (ii) Legume blend dominated CC [Radish 15.0%, Turnip (Brassica 
rapa L. var. rapa) 10%, Kale (Brassica oleracea L.) 10%, Pea 10.0%, Lentil (Lens 
culinaris Medik.) 15.0%, Cowpea (Vigna unguiculata (L.) Walp.) 15.0%, German Millet 
10.0%, Oats 15.0%]. The CC treatments followed the alfalfa (Medicago sativa L.) crop 
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during a 2-yr corn- (Zea mays L.) soybean (Glycine max (L.) Merr.) rotation, and all 
treatments were managed with a no-till system. Each CC treatment and grazing were 
replicated two times. Hereafter, grass blend dominated CC mixture will be referred to as 
the grass blend, legume blend dominated CC mixture as the legume blend, and control 
will be referred to as the fallow, where no CC was planted, therefore, no grazing was 
included in this watershed.  
Grazing was initiated on November 01, 2017 at grass blend and legume blend 
watersheds. Two exclusion areas in each of the CCs’ watersheds were created where 
grazing was prohibited. A total of 24 beef cattle were grazed in each watershed. The 
control watershed was kept under fallow system with no CC and no grazing. 
3.3       Data Collection and Analysis  
3.3.1    Soil Sampling and Lab Analysis  
Soil samples were collected on November 1, 2016 before grazing and on June 15, 
2017 from the corn field which followed after grazing of every replicated plot (n = 2). 
Soil BD samples were collected using a 5 cm diameter and 5 cm height core for 0-5 and 
5-15 cm depth. Additionally, soil samples were collected from 0-5, 5-15, and 15-30 cm 
depths using a manual push probe to measure the soil EC and pH. Five samples from 
each plot were obtained and combined into a composite sample to represent the plot. The 
composite sample was sealed in Ziploc bags and transported to the laboratory. Samples 
were stored at 4°C pending analysis. Soil samples were air dried, ground, and passed 
through a 0.25 mm sieve for analyzing pH and EC.  
Soil BD was conducted using the core method (Grossman and Reinsch, 2002) for 
0-5 and 5-15 cm depths under all treatments and replications. Soil was removed from the 
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metal core and oven-dried at 105°C for at least 48 hours to achieve “oven-dried” weight 
of the soil. Once dry weight was achieved, BD was determined by dividing the oven-
dried mass with the volume of the metal core. 
Soil pH is a measure of the hydrogen ion (H+) concentration of the soil and was 
conducted using methods demonstrated by Smith and Doran (1996). Soil pH was 
measured using a suspended sample consisting of a soil (air-dried) and water (soil:water) 
ratio of 1:1, with an Orion Star pH and EC meter. EC was measured with a 1:2 soil:water 
ratio using the same Orion Star pH and EC meter.  
3.3.2. Greenhouse Gas Flux Measurements 
 Soil surface GHG sampling was monitored using the methods followed by 
Jacinthe and Dick (1997). The polyvinyl chloride (PVC) static chambers (25 cm diameter 
x 15 cm height) were installed in every plot to monitor soil surface GHG fluxes. 
Chambers were installed between rows in each plot for the season. Gas samples were 
taken every day during the grazing period in 2016, and gas samples were collected 
weekly, pending weather, from May to August in 2017. Gas samples were collected at 0, 
20 and 40 minute intervals using a 10-mL syringe. A chamber septum allowed collection 
of samples which were transferred to a 10-mL, argon-sterilized vial. Soil surface CO2, 
CH4, and N2O concentrations were measured within 2-3 days of sampling using a Gas 
Chromatograph [(Shimadzu 14B with a CombiPal AOC-500 auto sampler, 2-mL 
injection loop, a 1/8” stainless-steel Porapack Q (80/100 mesh) column, a Haysep-D 
column (columns operated at 60°C), and a flame ionization detector and a lepton capture 
detector each at 260°C)]. Gas flux was estimated from the gas concentration in the 
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chamber headspace over 40 min collection interval. Diurnal flux (F, mass of g gas ha-1 
day-1) was calculated as: 
𝐹 = (Δ𝑔Δ𝑡) (𝑉𝐴) 𝑘 
where Δg/Δt is the rate of gas concentration (CH4, CO2 or N2O) change inside the 
chamber (mg CH4-C, CO2-C or mg N2O-N m
-2 min-1); V is the chamber volume (m3); A 
is the surface area bounded by the chamber (m2) and k is the time transformation factor 
(1440 min day-1). Gas fluxes were calculated from the time vs. concentration data using 
linear regression or the algorithm when the time vs. concentration data were curvilinear 
(Hutchinson and Mosier, 1981; Ussiri and Lal, 2009). A positive value of F relates to a 
net emission of gas from the soil to the atmosphere (source), and a negative F value 
relates to a net transfer of gas from atmosphere into the soil (sink). These data were used 
to calculate and assess emissions over the experimental period by linear interpolation of 
data points between two successive sampling events and numerical integration of 
underlying area using the trapezoid rule (Ussiri and Lal, 2009; Whittaker and Robinson, 
1967). 
During each sampling date, soil temperature (˚C) and moisture (V/V %) data for 
0-5 cm depth were also measured with a thermometer and an HH2 moisture sensor 
(Delta-T-Devices, Cambridge, England), respectively, at every chamber. 
3.4.  Statistical Analysis 
Soil pH, EC, and BD were statistically compared using pairwise differences 
method (adjusted by Tukey) by a mixed model in which the crop, grazing, and crop × 
grazing were considered as fixed effects and the replication as random effects. The 
models were conducted using GLIMMIX procedure in SAS9.4 (SAS, 2013). PROC 
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MIXED in SAS9.4 (SAS, 2013) was used for repeated measures analysis of comparing 
soil CO2, CH4, and N2O fluxes under different crop and grazing treatments. 
Transformation of data was completed when necessary using SAS9.4 (SAS, 2013). Data 
transformations were determined using the Box-Cox method (Box and Cox, 1981; Box 
and Cox, 1964). Due to limited degrees of freedom (Steel et al., 1980), significance level 
was determined at α = 0.10 for all statistical analysis. 
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CHAPTER 4 
RESULTS 
4.1. Soil bulk density 
Data on soil BD for 0-5 and 5-15 cm depths measured in 2017 is shown in Table 
4.1. Data showed that grazing and CC did not impact soil BD at 0-5 cm depth, and the 
mean BD under the grazed (1.35 g cm-3) was higher than that for the un-grazed (1.26 g 
cm-3). However, grazing significantly impacted the BD at 5-15 cm depth. The mean BD 
under the grazed (1.38 g cm-3) was significantly lower than for the un-grazed (1.43 g cm-
3). Effects of the interactions of the grazing by CC on BD were not significant at either 
depth.   
4.2. Soil pH 
 Data on soil pH collected from three depths 0-5, 5-15, and 15-30 cm in 2017 is 
shown in Table 4.2. Grazing and CC treatment significantly impacted the pH at all depths. 
The mean pH values under the grazed were significantly higher than for the un-grazed at 
the three depths, and the highest and lowest pH values were under the grazed at the 15-30 
cm depth (8.00) and under un-grazed at the 0-5 cm depth (7.35), respectively. Among the 
three crop treatments, the mean pH value in the legume crop field (7.34) was significantly 
lower than that for the grass (7.42) and fallow (7.42) fields at the 0-5 cm depth. At the 5-
15 and 15-30 cm depths, the mean pH values in the fallow (7.84 and 8.14) was 
significantly higher than the legume (7.65 and 7.89) and grass CCs (7.69 and 7.92), 
respectively. The effects of interactions between the grazing and CCs on the pH were not 
significant at the 0-5 and 5-15 cm depths. However, the interaction between grazing and 
CCs at the 15-30 cm depth showed a significant effect on soil pH. The data was 
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separately analyzed for each grazing and crop. In the legume field, the mean pH value 
under the grazed (8.04) was significantly higher than for the un-grazed (7.75). Under the 
un-grazed, the value in the fallow (8.14) was significantly higher, compared with the 
legume CC (7.75).  
4.3. Soil EC 
 Data on soil EC for the 0-5, 5-15, and 15-30 cm depths measured in 2017 is 
shown in Table 4.3. The grazing treatment significantly impacted EC for all depths. 
Grazing increased the soil EC for all depths with the highest value in the 0-5 cm depth 
under the grazed (0.46 dS m-1) and the lowest in the 5-15 cm depth under the un-grazed 
(0.19 dS m-1). CC treatment had a significant effect on the EC at 0-5 and 15-30 cm depths. 
The mean EC value in the legume CC (0.37 dS m-1) was significantly lower than for the 
grass CC (0.41 dS m-1) and fallow (0.49 dS m-1) at the 0-5 cm depth. The value in the 
fallow field (0.24 dS m-1) was significantly higher than for the legume (0.20 dS m-1) and 
grass (0.22 dS m-1) CC at the 15-30 cm depth. The interactions of grazing and CC did not 
significantly impact the EC at any depths.  
4.4. Soil CO2 fluxes 
Soil CO2 fluxes under different grazing and crop treatments in 2016 and 2017 are 
presented in Table 4.4, Fig. 4.2, and Fig. 4.3. Grazing had no significant impact on soil 
CO2 fluxes in 2016 and 2017, but the mean CO2 fluxes under the grazed was higher than 
that for the un-grazed in the observed years. Significant difference was found for the CC 
treatments in 2016 and 2017. In 2016, the significantly higher flux was observed in the 
legume CC (8.25 kg ha-1 d-1), compared with the fallow (3.16 kg ha-1 d-1). In 2017, the 
mean CO2 fluxes in the legume and grass CC were significantly higher than that in the 
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fallow. The highest flux was observed in the grass CC (40.02 kg ha-1 d-1) and the lowest 
flux in fallow (27.73 kg ha-1 d-1). The effect of interaction between grazing and CC on 
soil CO2 fluxes was not significant in 2017, but the interaction effect on the flux was 
significant in 2016. Thus, the data was separately analyzed for each grazing and crop in 
2016. Under the un-grazed, the mean CO2 flux in the legume (10.77 kg ha
-1 d-1) was 
significantly higher than for the fallow (3.16 kg ha-1 d-1). Moreover, the time significantly 
impacted the soil CO2 fluxes (p<0.001) (Table 4.4). Fig. 4.2 showed that the daily mean 
CO2 fluxes were higher in summer for the grazing treatment, compared with the fall and 
spring over the observed days, during which the two highest peaks were on July 24, 2017 
(60.15 kg ha-1 d-1) and July 31, 2017 (53.88 kg ha-1 d-1). The flux pattern generally 
coincided with that of soil moisture and temperature (Fig. 4.4) and air temperature and 
precipitation (Fig. 4.1). The daily mean CO2 fluxes under the two CCs and fallow had a 
similar trend under the grazed. The two highest peaks were on July 24, 2017 (49.32 kg 
ha-1 d-1) and July 31, 2017 (35.98 kg ha-1 d-1) (Fig. 4.3). The G × Time and C × Time had 
significant effects on the CO2 fluxes. This indicated that the grazing and crops’ effects on 
the CO2 fluxes are different over the observed days. 
4.5. Soil CH4 fluxes 
Soil CH4 fluxes under different grazing and crop treatments in 2016 and 2017 are 
presented in Table 4.5, Fig. 4.2, and Fig. 4.3. Grazing had no significant impact on soil 
CH4 fluxes for 2016 or 2017.  The 2016 and 2017 mean fluxes under the grazed were 
47.6% and 20.8% higher than the un-grazed, respectively. CC treatments also showed no 
significant differences among the treatments for both years. Among the crops in 2016, the 
highest flux observed is fallow (5.04 g ha-1 d-1) and the lowest flux came from legume 
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CC (1.61 g ha-1 d-1). In 2017 the highest flux came from the legume CC (2.91 g ha-1 d-1) 
and the lowest flux was in the fallow (0.48 g ha-1 d-1). The interaction of grazing and CC 
also showed no significant effects in the two years. Furthermore, the interaction of 
grazing and time showed a significant effect for both 2016 (p<0.003) and 2017 (p<0.02) 
(Table 4.5). This indicated that the grazing effects on the CH4 fluxes were different over 
the observed days. However, the effect of interaction between crop and time was only 
significant in 2017, indicating the crops’ effects on the CH4 fluxes were different over the 
observed days. The time did not significantly impact the CH4 fluxes (Table 4.5), and no 
visible trends of the CH4 fluxes over the days were observed (Fig. 4.2 and 4.3).  
4.6. Soil N2O fluxes 
Soil N2O fluxes under different grazing and crop treatments in 2016 and 2017 are 
presented in Table 4.6, Fig. 4.2, and Fig. 4.3. Grazing significantly impacted soil N2O 
fluxes in 2017 but not in 2016. The annual mean soil N2O flux under grazed was 
significantly higher than that for the un-grazed in 2017 (81.8% higher). In 2016, the mean 
flux under the grazed was 18.1% higher than the un-grazed. The CC treatment did not 
significantly influence the soil N2O fluxes in the two years. Among the crops in 2016, the 
highest and lowest fluxes were observed under the fallow (4.26 g ha-1 d-1) and legume CC 
(3.74 g ha-1 d-1). In 2017, the highest flux was in the legume CC (6.86 g ha-1 d-1) and the 
lowest flux was under the fallow (3.11 g ha-1 d-1). Furthermore, the time significantly 
influenced the fluxes in 2017. The interaction of grazing and time showed no significant 
difference for either year (Table 4.6).  Fig. 4.2 showed that the daily mean N2O fluxes 
were generally higher in summer for the grazed and un-grazed but with large fluctuations 
over the observed days, in which the two highest peaks were on June 16, 2017 (13.98 g 
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ha-1 d-1) and July 24, 2017 (10.63 g ha-1 d-1). The flux peaks generally coincided with that 
of soil moisture and temperature (Fig. 4.4) and air temperature and precipitation (Fig. 
4.1). For the CC treatment, the daily mean N2O fluxes under the legume and grass CCs 
had a similar trend under the grazing. However, under the fallow, the fluxes in November 
were higher than the summer, during which the two highest peaks were on November 5, 
2016 (9.54 g ha-1 d-1) and November 7, 2016 (6.81 g ha-1 d-1) (Fig. 4.3).  
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CHAPTER 5 
DISCUSSION 
5.1. Soil Bulk Density 
The results from this study showed that BD under the grazed was higher than that 
for the un-grazed at the 0-5 cm depth, but the BD under the grazed was significantly 
lower compared with the un-grazed at the 5-15 cm depth. Similar to the results of this 
study, He et al. (2017) found grazing decreased BD for 10-20 cm depth when analyzing 
microbial responses to grazing in Inner Mongolia. However, some studies reported that 
grazing can increase BD when compared to plots that were excluded from grazing 
(Yong-Zhong et al., 2005). The results at the first depth are similar to some previous 
studies. Liebig et al. (2006) found increased BD levels for sites subjected to grazing in a 
long term grazing system in the NGP in North America. Wienhold et al. (2001) studied 
management influence in the NGP and found BD to increase for soil exposed to grazing. 
Li et al. (2008) studied the effects of sheep grazing in a desert steppe in Mongolia and 
found grazing to significantly affect BD when compared to un-grazed sites. However, BD 
did not vary significantly when comparing stocking density. In this study, cattle grazing 
increased the soil BD at the 0-5 cm depth due to soil compaction increased by the cattle 
through treading (Bell et al., 2011). However, the compaction by grazing can be alleviated 
through tillage, rotation, CC, or the use of no-till management in ICLSs with cycles of 
annual freeze/thaw and wet/dry (Liebig et al., 2012). 
 The results from this study confirmed no significant difference for effects of CC 
at all depths. Similarly, Franzluebbers and Stuedemann (2008) studied grazing and CC 
effects on soil properties under no- and conventional tillage in south Piedmont, USA and 
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found CC to have no significant effects on either tillage type. Kaspar et al. (2001) studied 
the effects of small grain CC on soil physical properties and found that oats and rye did 
not have significant effects on BD over the two year period. Mazzoncini et al. (2011) 
studied CC on soil properties in Central Italy and found that in the 0-10 cm depth, CC 
had no significant effect on BD. However, for the 10-20 cm depth, significant differences 
were noticed between high N supply, legume CC and non-legume CC. Contrary to our 
findings, Nyalemegbe et al. (2011) studied leguminous CC effects on soil productivity in 
Ghana, and found CC decreased BD compared to fallow sites.  
5.2. Soil pH 
 The results from the pH analysis of this study showed significant differences for 
all depths. Grazing was also shown to increase pH when comparing different stocking 
rate densities to un-grazed plots, and the fluctuation in pH increased with increased 
stocking rate (Chiavegato, 2014). Similarly, Yong-Zhong et al. (2005) examined the 
effects of continuous grazing in Mongolia and found increased pH levels when compared 
to sites that were excluded from grazing. Li et al. (2008) studied the effects of sheep 
grazing in a desert steppe in Mongolia and found grazing to have no effect on pH. Liebig 
et al. (2006) studied soil response to long term grazing in the NGP in North America and 
found increased pH levels for grazed sites compared with un-grazed sites. Wienhold et al. 
(2001) found that the grazing had no effect on pH in the NGP. The results of this study 
may be due to the exchangeable ion increases shown by grazing from increased nutrient 
cycling (Liebig et al., 2006).   
 The results of this study showed CC reduced the soil pH compared to fallow areas. 
Similarly, Reddy et al. (2003) conducted research using crimson clover and rye for CC in 
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soybean fields in Mississippi, USA, and reported the crimson clover significantly reduced 
soil pH compared to grass CC and fallow. Mukherjee and Lal (2015) studied the effects 
of turnips and peas as CCs on soil quality in Ohio and found that CC significantly 
decreased the soil pH when compared to no CC by at least one unit for all depths. 
Mukherjee and Lal (2015) determined the decrease in pH was accountable to the altering 
of total exchangeable ions caused by the CC. Nyalemegbe et al. (2011) found no 
significant difference on pH when examining three different leguminous CC in the Accra 
plains of Ghana. Astier et al. (2006) studied green manure effects on soil properties in 
Mexico and found that green manure consisting of oat and vetch species decreased soil 
pH compared to control sites.  
5.3. Soil EC 
 The results from this study showed grazing significantly increased EC for all 
depths. This differs from previous studies. Yong-Zhong et al. (2005) studied the effects 
of continuous grazing compared to no grazing in Mongolia and found no effect on EC. Li 
et al. (2008) studied the effects of sheep grazing in a desert steppe in Inner Mongolia in 
China and found grazing to have no effect on EC. Liebig et al. (2006) studied soil 
response to long term grazing in the NGP in North America and found no significant 
difference in EC levels for sites subjected to grazing. Wienhold et al. (2001) studied 
management influence in the NGP and found grazing to have no effect on EC.  
 Cover crop impacts showed legume CC to have significantly decreased EC when 
compared to fallow except for the 5-15 cm soil depth. This differs from some published 
results. Mukherjee and Lal (2015) studied the effects of turnips and peas as CC on soil 
quality in Ohio and found that CC had no significant impact on EC when compared to no 
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CC. Nyalemegbe et al. (2011) found no significant difference on EC when examining 
three different leguminous CC in the Accra plains of Ghana.  
5.4. Soil CO2 Fluxes 
 The CO2 emissions from grazing treatments showed grazed sites to have 
increased fluxes, but results were not significant. This differs from previous studies. 
Bremer et al. (1998) studied impacts of bison and cattle grazing on soil respiration in the 
tallgrass prairie in Kansas and found significant differences between grazed and un-
grazed sites, and concluded that cattle decreased CO2 flux by 23% and bison decreased 
CO2 flux by 27% compared to adjacent un-grazed plots. Owensby et al. (2006) studied 
CO2 emissions from grazing steers in the tallgrass prairie in Kansas and found that the 
CO2 emissions decreased as leaf area decreased from grazing. Owensby et al. (2006) 
found midseason grazed CO2 emissions to be half the rates as un-grazed emissions. 
Lecain et al. (2000) examined C exchange rates in grazed and un-grazed pastures in 
Wyoming and found inconclusive results for 1995 and 1996, but in 1997, they found 
continuous heavy grazing to have higher CO2 emissions than continuous light grazing 
and un-grazed pastures, which is similar to our results. Increased CO2 fluxes showed in 
this study may be due to increased light penetration and warmer microclimate near the 
soil surface due to the removing of litter and plant biomass through grazing that would 
otherwise hinder conditions for soil respiration and CO2 exchange (Lecain et al., 2000) 
 The results from this study showed that CO2 fluxes under the CC were 
significantly higher compared with the fallow. This is in-cord with the previous studies. 
For example, Bavin et al. (2009) found CC increased CO2 emissions from a winter rye 
CC in Minnesota, USA due to the decomposition of plant matter from the winter rye CC. 
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Hendrix et al. (1988) reported that  legume CCs have significantly increased CO2 
emissions when compared to sites with grass CCs. Alluvione et al. (2010) found 
leguminous CC increased CO2 emissions compared to control plots. Results showing 
increased CO2 fluxes from CC may be due to the increased amount of plant biomass 
associated with CCs, and the added respiration that follows decomposition of plant 
residues (Bavin et al., 2009). 
 Time effects on soil CO2 fluxes were significant. The fluxes increased as soil and 
air temperature, and soil moisture increased. This result is most likely due to the strong 
relationship between temperature and CO2. In warmer climates, more microbial activities 
occur, decomposing more organisms and plants, which result in more CO2 emissions. 
Smith et al. (2008) reported that warm, moist summer contributed increased emissions of 
up to 4x greater than sites with decreased weather conditions due to high rates of 
microbial activity.  
5.5. Soil N2O Fluxes 
 The results from this study showed that grazing had significant effects on N2O 
emissions for the 2017 season. Similarly, Rafique et al. (2011) found sites that were 
frequently grazed had significantly higher N2O emissions than sites less grazed in Ireland. 
Saggar et al. (2004) modelled N2O emissions from dairy grazed pastures and found 
grazing sites to have significantly higher N2O emissions compared to sites that were not 
grazed. Contrarily, Wolf et al. (2010) found adverse effects of grazing on steppe 
grasslands in Mongolia due to the suppressed spring-thaw N2O flux from grazing. 
Increased N2O emissions may be accountable by the increased compaction associated 
with grazing because the increased compaction may decrease available O2 in the soil, 
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allowing for de- and nitrification processes to increase. Also grazing can enhance N2O 
emissions from soil, owing contributions to hot spots of urine and dung deposits (Oenema 
et al., 1997).  N2O emissions mainly come from manure and slurry management and 
utilization in soils. The excessive N fertilizer generated by livestock production (Van 
Horn et al., 1996; Wilkerson et al., 1997), and low N use efficiency are closely associated 
with the high N2O emissions (Bouwman et al., 2013). The N2O emissions generated by 
the applied and deposited manure represent 16.4% of livestock sector’s GHG emissions 
(Gerber et al., 2013). 
 The results of this study showed CC to have no significant effects on soil N2O 
emissions. This differs from previous studies. Bavin et al. (2009) reported impacts of 
winter rye CC on GHG budget in Minnesota, USA and found N2O emissions to be 
increased in sites without CC for one of the two study years. Gomes et al. (2009) found 
legume CC increased soil N2O emissions when compared to emissions from grass CC in 
southern Brazil due to the higher quality of biomass and stimulation of microbial activity 
associated with legume CCs. Jarecki et al. (2009) conducted a study about CC effects on 
N2O emissions from manure treated Mollisols in Iowa and found that sites with no CC 
were not significantly different than sites with CC. Mitchell et al. (2013) found that sites 
with no CC had significantly increased N2O emissions compared to sites with winter rye 
CC for a corn-soybean rotation. Legumes can increase N2O emissions primarily because 
of the mineralization of the N fixing plant matter (Alluvione et al., 2010). Other than N 
availability contributing to emissions rates, increased soil moisture from CC may also be 
a leading source for soil N2O emissions (Alluvione et al., 2010). However, neither 
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legume CC nor grass CC had significant effect on N2O emissions for this study and long-
term studies are suggested. 
 Time effects and trend of N2O fluxes were significant. The fluxes increased as the 
soil and air temperature and soil moisture increased. N2O emissions are produced during 
two processes: nitrification and denitrification. Nitrification includes ammonia (NH3
+) 
being converted to nitrate (NO3
-) by soil bacteria (Norton, 2008). Denitrification is the 
conversion of NO3
- to dinitrogen (N2) by soil bacteria (Robertson and Groffman, 2007). 
When temperature under adequate soil moisture increases, soil bacteria production and 
microbial activities increase, resulting in higher N2O emissions.  
5.6. Soil CH4 Fluxes 
 The results of this study showed grazing and CC treatments do not have any 
effects on total soil CH4 emissions, and are similar with previous studies. For example, 
Pinares-Patiño et al. (2007) reported that grazing had no significant impact on CH4 
emissions in the shortgrass steppe in Colorado. Allard et al. (2007) observed grazing 
management for the GHG budget in semi-natural grasslands in France and found that 
CH4 emissions did not differ between stocking densities. Liebig et al. (2010) also found 
that the grazing had no significant impact on CH4 emissions in the NGP in the U.S.  
 Effects of CC on CH4 emissions from agricultural soils are not widely examined. 
For this reason, CH4 discussion will consist of simulated results of potential GHG 
budgets and emissions (Gryze et al., 2010). Gryze et al. (2010) studied four cropping 
systems in California, managed conventionally and alternatively, and simulated a GHG 
budget for the cropping systems. They found that two of the three sites that incorporated 
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CCs into the management system had reduced CH4 emissions compared to sites with 
conventional and conservational tillage alone with no CC. 
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CHAPTER 6 
CONCLUSIONS 
Soil BD, pH, EC, and CO2, CH4, and N2O fluxes as influenced by CCs and 
grazing under an integrated crop-livestock system were studied in 2016 and 2017. This 
study site was located near Brookings, South Dakota, USA. The study site had three 
small watersheds. The study treatments included grass mixture CC and broadleaf mixture 
CC, both with and without grazing, and the control field (watershed) with no CC or 
grazing. CCs were planted in July 2016. Prior to the introduction of CCs, the 
experimental site consisted of a corn-soybean rotation beginning in 2000. Soil was 
predominantly a loamy soil.  
 The main findings from this study are as follows: 
            1. Soil pH 
 Grazing significantly increased soil pH for all depths. 
 Legume CC significantly decreased pH compared to grass CC and fallow (0-5 
cm depth); Both legume and grass CC decreased pH compared to fallow (5-15 
and 15-30 cm depth). 
           2. Soil EC 
 Grazing significantly increased soil EC for all depths. 
 Legume CC significantly lowered EC compared to grass CC and fallow (0-5 
cm depth); Soil EC did not significantly differ for either CC treatment for 5-
15 cm depth; Legume and grass CC were significantly lower for 15-30 cm 
depth compared to fallow. 
3. Soil BD 
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 Grazing treatment was significantly different only for 5-15 cm depth, in which 
grazing decreased soil BD. 
 CC treatment showed no significant effects on soil BD for any depth for either 
CC blend. 
4. Soil CO2 Fluxes 
 Grazing treatments did not significantly affect soil CO2 fluxes. 
 For the 2016 growing season, only the legume CC blend was significantly 
higher than fallow. Grass CC blend showed higher soil CO2 fluxes than the 
fallow, but results were not significant. For the 2017 grazing season, both the 
legume and grass CC blends were significantly higher than for the fallow. 
 Time effects on soil CO2 fluxes were significant. The fluxes increased as the 
soil and air temperature, and soil moisture increased. 
5. Soil N2O Fluxes 
 Grazing treatments did not significantly affect soil N2O emissions for 2016. 
However, 2017 N2O emissions showed grazing significantly increased N2O 
emissions compared to fallow. 
 For the 2016 and 2017 growing season, neither the legume nor grass CC blend 
showed significant N2O results. 
 Time effects on soil N2O fluxes were significant. The fluxes increased as the 
soil and air temperature, and soil moisture increased. 
 
6. Soil CH4 Fluxes 
 Grazing treatments did not significantly affect soil CH4 emissions for 2016 
and 2017.  
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 CC treatments did not significantly affect soil CH4 emissions for 2016 and 
2017. 
 Time effects on soil CH4 fluxes were not significant.  
 
 The present study concluded from the above results that grazing significantly 
impacted the selected soil properties pH, EC, and BD, and CCs are less likely to impact 
the selected properties for the studied (one to two year) duration. The grazing treatment 
significantly increased soil N2O fluxes but did not impact soil CO2 and CH4 fluxes. The 
CC treatment significantly increased soil CO2 fluxes compared to the fallow but did not 
impact soil CH4 and N2O fluxes. Time significantly impacted soil CO2 and N2O fluxes 
but did not impact CH4 fluxes. A positive correlation between the CO2 and N2O fluxes, 
soil and air temperature, and soil moisture was identified. Since some soil properties and 
GHG emissions were negatively impacted by grazing and CC in the ICLS during this 
short-term study, further research for the long-term effects of grazing and CC should be 
conducted.  
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TABLES AND FIGURES 
 
Table 4.1. Mean soil bulk density (BD) for the 0-5 and 5-15 cm depths in 2017 under the 
grazed and un-grazed on the legume, grasses, and fallow lands at Watershed site in South 
Dakota. 
Treatments 
Soil BD 
0-5 5-15 
 
g cm-3 
Grazing (G) 
  
  Yes 1.35a† 1.38b 
  No 1.26a 1.43a 
Crops (C) 
  
  Legume 1.30a 1.40a 
  Grasses 1.32a 1.43a 
  Fallow 1.25a 1.38a 
 
Fixed Effects (P>F) 
G 0.34 0.07 
C 0.98 0.34 
G × C 0.99 0.80 
†Means within the same column followed by different 
small letters are significantly different at P<0.10 for 
grazing and crop treatments. 
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Table 4.2. Mean soil pH for the 0-5, 5-15, and 15-30 cm depths in 2017 under the grazed 
and un-grazed on the legume, grasses, and fallow lands at Watershed site in South Dakota. 
Treatments 
Soil pH 
0-5 5-15 15-30 
Grazing (G) 
  
   Yes 7.45a† 7.74a 8.00a 
  No 7.35b 7.68b 7.93b 
Crops (C) 
   
  Legume 7.34a 7.65b 7.89b 
  Grasses 7.42b 7.69b 7.92b 
  Fallow 7.42b 7.84a 8.14a 
 
Fixed Effects (P>F) 
G 0.005 0.01 0.02 
C 0.02 0.01 0.02 
G × C 0.14 0.11 0.09 
 
G × C (15-30 cm)§ 
 
 
Grazing Un-grazing 
   Legume 8.04aAǂ 7.75bB 
   Grasses 7.96aA 7.89abA 
   Fallow - 8.14a   
†Means within the same column followed by different small 
letters are significantly different at P<0.10 for grazing and 
crop treatments.  
§This is the results that the data were analyzed separately for 
each grazing and crop because of the P value of G × C < 0.10.  
ǂMeans within the same column followed by different small 
letters are significantly different at P<0.10 for the crops. 
Means within the same row followed by different capital 
letters are significantly different at P<0.10 for the grazing. 
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Table 4.3. Mean soil electric conductivity (EC) for the 0-5, 5-15, and 15-30 cm depths in 
2017 under the grazed and un-grazed on the legume, grasses, and fallow lands at 
Watershed site in South Dakota. 
Treatments 
Soil EC 
0-5 5-15 15-30 
 
dS m-1 
Grazing (G) 
  
   Yes 0.46a† 0.22a 0.23a 
  No 0.38b 0.19b 0.20b 
Crops (C) 
   
  Legume 0.37b 0.19a 0.20b 
  Grasses 0.41a 0.20a 0.22b 
  Fallow 0.49a 0.22a 0.24a 
 
Fixed Effects (P>F) 
G 0.02 0.08 0.02 
C 0.03 0.17 0.06 
G × C 0.53 0.99 0.27 
†Means within the same column followed by different small 
letters are significantly different at P<0.10 for grazing and 
crop treatments. 
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Table 4.4. Mean soil surface carbon dioxide (CO2) fluxes in 2016 and 2017 under the 
grazed and un-grazed on the legume, grasses, and fallow lands at Watershed site in South 
Dakota. 
Treatments 
Soil CO2 Fluxes  
2016 2017 
 
 kg ha-1 d-1  
Grazing (G) 
  
  Yes 6.86a† 39.42a 
  No 6.59a 34.70a 
Crops (C) 
  
  Legume 8.25a 37.57a 
  Grasses 6.90ab 40.02a 
  Fallow 3.16b 27.73b 
 
Fixed Effects (P>F) 
G 0.39 0.65 
C 0.055 0.05 
G × C 0.07 0.95 
Time <0.001 <0.001 
G × Time 0.05 0.01 
C × Time 0.04 0.049 
G × C × Time 0.33 0.62 
 
G × C (2016)§ 
 
Grazing Un-grazing 
  Legume 5.74aAǂ 10.77aA 
  Grasses 7.98aA 5.83abA 
  Fallow - 3.16b 
†Means within the same column followed by different small 
letters are significantly different at P<0.10 for grazing and 
crop treatments.  
§This is the results that the data were analyzed separately for 
each grazing and crop because of the P value of G × C < 
0.10.  ǂMeans within the same column followed by different 
small letters are significantly different at P<0.10 for the 
crops. Means within the same row followed by different 
capital letters are significantly different at P<0.10 for the 
grazing. 
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Table 4.5. Mean soil surface methane (CH4) fluxes in 2016 and 2017 under the grazed 
and un-grazed on the legume, grasses, and fallow lands at Watershed site in South Dakota. 
Treatments 
Soil CH4 Fluxes  
2016 2017 
 
 g ha-1 d-1  
Grazing (G) 
  
  Yes 4.00a† 2.67a 
  No 2.71a 2.21a 
Crops (C) 
  
  Legume 1.61a 2.91a 
  Grasses 3.94a 2.83a 
  Fallow 5.04a 0.48a 
 
Fixed Effects (P>F) 
G 0.37 0.86 
C 0.40         0.67 
G × C 0.56 0.47 
Time 0.35 0.22 
G × Time 0.003 0.02 
C × Time 0.15 0.05 
G × C × Time 0.17 0.74 
†Means within the same column followed by different 
small letters are significantly different at P<0.10 for 
grazing and crop treatments.  
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Table 4.6. Mean soil surface nitrous oxide (N2O) fluxes in 2016 and 2017 under the 
grazed and un-grazed on the legume, grasses, and fallow lands at Watershed site in South 
Dakota. 
Treatments 
Soil N2O Fluxes  
2016 2017 
 
 g ha-1 d-1  
Grazing (G) 
  
  Yes 4.31a† 7.78a 
  No 3.65a 4.28b 
Crops (C) 
  
  Legume 3.74a 6.86a 
  Grasses 3.91a 5.72a 
  Fallow 4.26a 3.11a 
 
Fixed Effects (P>F) 
G 0.46 0.02 
C 0.80 0.23 
G × C 0.99 0.19 
Time 0.56 0.003 
G × Time 0.70 0.45 
C × Time 0.58 0.32 
G × C × Time 0.71 0.33 
†Means within the same column followed by different small 
letters are significantly different at P<0.10 for grazing and 
crop treatments.  
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Fig. 4.1. Trends of air temperature and precipitation in response to the days measured greenhouse 
gas fluxes in 2016 and 2017 under the grazed and un-grazed on the legume, grasses, and fallow 
lands at Watershed site in South Dakota. 
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Fig. 4.2. Trends of soil CO2 (a), CH4 (b), and N2O (c) fluxes over the days in 2016 and 
2017 under the grazed and un-grazed at Watershed site in South Dakota. 
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Fig. 4.3. Trends of soil CO2 (a), CH4 (b), and N2O (c) fluxes over the days in 2016 and 
2017 under the legume, grasses, and fallow lands at Watershed site in South Dakota. 
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Fig. 4.4. Trends of soil moisture (a) and soil temperature (b) in response to the days 
measured greenhouse gas fluxes in 2016 and 2017 under the grazed and un-grazed on the 
legume, grasses, and fallow lands at Watershed site in South Dakota. 
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APPENDIX 1 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
A4.0. Experimental design consisting of split-plot design with two grazing treatments, 
and two CC treatments, with two replications. Plots consisted of three separate 
watersheds, occupying about ten total acres. 
  
56 
APicture 1. Image of GHG sample collection. 
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APicture 2. Image of Kunal Sood and Brant Douville collecting GHG samples. 
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A4.1. Soil bulk density for the 0-5 and 5-15 cm depths in 2017 under the grazed and un-
grazed on the legume, grasses, and fallow lands at Watershed site in South Dakota; UG, 
un-grazed; G, grazed; CNT, control; legume, broadleaf dominated cover crop; grass, 
grass dominated cover crop; fallow, no cover crop and no grazing (control). 
 
 
Plot Depth Treatment Crop Rep Bulk Density 
     g cm-3 
1 0-5 UG legume 1 1.12 
1 5-15 UG legume 1 1.49 
1 0-5 UG legume 1 1.25 
1 5-15 UG legume 1 1.41 
2 0-5 UG legume 1 1.49 
2 5-15 UG legume 1 1.50 
2 0-5 UG legume 1 1.20 
2 5-15 UG legume 1 1.40 
3 0-5 UG grass 2 1.36 
3 5-15 UG grass 2 1.38 
3 0-5 UG grass 2 0.98 
3 5-15 UG grass 2 1.53 
4 0-5 UG grass 2 1.50 
4 5-15 UG grass 2 1.48 
4 0-5 UG grass 2 1.35 
4 5-15 UG grass 2 1.43 
5 0-5 G legume 1 1.30 
5 5-15 G legume 1 1.31 
5 0-5 G legume 1 1.41 
5 5-15 G legume 1 1.39 
6 0-5 G legume 1 1.33 
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Plot Depth Treatment Crop Rep Bulk Density 
     g cm-3 
6 5-15 G legume 1 1.34 
6 0-5 G legume 1 1.33 
6 5-15 G legume 1 1.38 
7 0-5 G grass 2 1.35 
7 5-15 G grass 2 1.26 
7 0-5 G grass 2 1.30 
7 5-15 G grass 2 1.32 
8 0-5 G grass 2 1.38 
8 5-15 G grass 2 1.60 
8 0-5 G grass 2 1.40 
8 5-15 G grass 2 1.41 
9 0-5 UG fallow 1 1.58 
9 5-15 UG fallow 1 1.31 
9 0-5 UG fallow 1 1.07 
9 5-15 UG fallow 1 1.53 
10 0-5 UG fallow 2 1.25 
10 0-5 UG fallow 2 1.12 
10 5-15 UG fallow 2 1.32 
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A4.2. Soil pH and EC for the 0-5, 5-15, and 15-30 cm depths in 2017 under the grazed 
and un-grazed on the legume, grasses, and fallow lands at Watershed site in South Dakota; 
UG, un-grazed; G, grazed; CNT, control; legume, broadleaf dominated cover crop; grass, 
grass dominated cover crop; fallow, no cover crop and no grazing (control); EC, 
electrical conductivity. 
 
 
Plot # Depth Treatment Rep Crop pH EC 
            ds m⁻ ' 
1 0-5 UG 1 legume 7.26 0.30 
2 0-5 UG 1 legume 7.24 0.33 
3 0-5 UG 2 grass 7.34 0.37 
4 0-5 UG 2 grass 7.41 0.29 
5 0-5 G 1 legume 7.45 0.37 
6 0-5 G 1 legume 7.4 0.48 
7 0-5 G 2 grass 7.48 0.47 
8 0-5 G 2 grass 7.45 0.50 
9 0-5 UG 1 fallow 7.48 0.37 
10 0-5 UG 2 fallow 7.36 0.60 
1 5-15 UG 1 legume 7.53 0.17 
2 5-15 UG 1 legume 7.57 0.17 
3 5-15 UG 2 grass 7.66 0.18 
4 5-15 UG 2 grass 7.65 0.17 
5 5-15 G 1 legume 7.71 0.18 
6 5-15 G 1 legume 7.79 0.25 
7 5-15 G 2 grass 7.69 0.22 
8 5-15 G 2 grass 7.77 0.22 
9 5-15 UG 1 fallow 7.78 0.20 
10 5-15 UG 2 fallow 7.9 0.25 
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Plot # Depth Treatment Rep Crop pH EC 
            ds m-' 
1 15-30 UG 1 legume 7.68 0.15 
2 15-30 UG 1 legume 7.82 0.19 
3 15-30 UG 2 grass 7.95 0.19 
4 15-30 UG 2 grass 7.83 0.21 
5 15-30 G 1 legume 8.03 0.24 
6 15-30 G 1 legume 8.04 0.22 
7 15-30 G 2 grass 7.92 0.22 
8 15-30 G 2 grass 7.99 0.24 
9 15-30 UG 1 fallow 8.08 0.20 
10 15-30 UG 2 fallow 8.19 0.27 
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A4.3. Data of soil moisture, soil temperature, and chamber temperature in response to the 
days measured greenhouse gas fluxes in 2016 under the grazed and un-grazed on the 
legume, grasses, and fallow lands at Watershed site in South Dakota; UG, un-grazed; G, 
grazed; CNT, control; legume, broadleaf dominated cover crop; grass, grass dominated 
cover crop; fallow, no cover crop and no grazing (control). Moisture is recorded as (%); 
Temperatures are recorded in °C. 
 
Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
11/3/2016 1 UG 16.05 10.95 21.10 
 
2 UG 18.20 10.30 20.55 
 
7 G 25.85 12.15 21.65 
 
8 G 15.70 11.10 20.70 
 
3 UG 18.20 11.35 18.40 
 
4 UG 17.80 11.05 19.70 
 
5 G 13.75 10.25 20.55 
 
6 G 16.30 10.50 20.25 
 
9 CNT 20.60 14.65 25.30 
 
10 CNT 22.65 15.65 20.75 
11/4/2016 1 UG 17.25 12.05 22.15 
 
2 UG 12.50 11.15 24.50 
 
7 G 25.25 12.10 25.25 
 
8 G 16.85 11.20 26.30 
 
3 UG 21.30 9.45 23.00 
 
4 UG 20.50 10.80 24.90 
 
5 G 16.50 9.90 24.35 
 
6 G 17.20 10.20 26.60 
 
9 CNT 22.60 14.60 25.35 
 
10 CNT 23.65 12.85 26.15 
11/5/2016 1 UG 15.40 12.45 27.50 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
 
2 UG 15.35 11.05 27.60 
 
7 G 26.60 12.30 26.90 
 
8 G 12.05 13.45 29.05 
 
3 UG 15.80 11.05 23.20 
 
4 UG 22.10 11.70 22.75 
 
5 G 15.05 10.55 26.40 
 
6 G 15.45 11.95 28.50 
 
9 CNT 25.95 11.85 27.40 
 
10 CNT 21.80 13.05 26.50 
11/6/2016 1 UG 16.10 12.90 20.10 
 
2 UG 20.25 12.55 21.30 
 
7 G 23.75 13.60 23.60 
 
8 G 20.50 13.15 22.45 
 
3 UG 21.35 11.75 19.55 
 
4 UG 21.95 12.00 20.00 
 
5 G 15.90 11.65 22.45 
 
6 G 17.00 13.70 23.95 
 
9 CNT 21.60 14.50 22.85 
 
10 CNT 25.60 14.00 21.30 
11/7/2016 1 UG 16.55 11.50 16.40 
 
2 UG 17.80 11.20 16.55 
 
7 G 24.90 11.50 16.35 
 
8 G 20.25 11.70 15.75 
 
3 UG 18.25 11.35 16.10 
 
4 UG 18.65 11.20 16.40 
 
5 G 18.35 11.10 16.10 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
 
6 G 17.60 11.40 16.30 
 
9 CNT 23.75 12.50 16.50 
 
10 CNT 23.90 12.65 16.35 
11/8/2016 1 UG 18.90 10.60 19.20 
 
2 UG 15.75 10.05 20.45 
 
7 G 25.30 11.20 18.40 
 
8 G 16.30 10.95 19.80 
 
3 UG 17.60 9.25 20.00 
 
4 UG 22.15 10.50 17.25 
 
5 G 16.40 12.30 18.05 
 
6 G 19.90 11.20 18.50 
 
9 CNT 22.75 12.25 17.70 
 
10 CNT 24.15 12.00 17.40 
11/9/2016 1 UG 16.50 10.55 19.65 
 
2 UG 16.30 11.20 20.50 
 
7 G 23.05 12.85 25.60 
 
8 G 19.65 11.95 24.15 
 
3 UG 20.10 9.10 20.35 
 
4 UG 20.50 10.60 21.00 
 
5 G 20.85 11.40 23.20 
 
6 G 17.70 11.00 25.60 
 
9 CNT 22.00 12.20 22.95 
 
10 CNT 23.75 11.85 20.90 
11/10/2016 1 UG 18.55 7.55 21.30 
 
2 UG 16.15 8.35 20.85 
 
7 G 21.85 10.60 15.90 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
 
8 G 20.75 11.05 20.25 
 
3 UG 16.75 8.85 18.05 
 
4 UG 19.75 9.70 18.95 
 
5 G 16.30 10.40 19.75 
 
6 G 22.65 10.75 18.45 
 
9 CNT 18.10 11.40 19.50 
 
10 CNT 24.10 10.85 19.50 
11/11/2016 1 UG 17.40 7.40 17.60 
 
2 UG 18.85 7.05 17.75 
 
7 G 26.30 8.95 15.55 
 
8 G 16.85 10.40 18.70 
 
3 UG 19.35 8.40 16.15 
 
4 UG 18.95 13.20 15.65 
 
5 G 18.45 10.15 17.25 
 
6 G 18.95 9.00 15.85 
 
9 CNT 19.45 9.00 15.70 
 
10 CNT 24.60 9.35 14.85 
11/12/2016 1 UG 18.05 6.50 15.65 
 
2 UG 20.65 4.95 15.85 
 
7 G 23.10 7.85 16.65 
 
8 G 18.60 9.25 20.40 
 
3 UG 19.55 6.70 10.80 
 
4 UG 18.35 5.75 16.50 
 
5 G 15.40 11.20 17.75 
 
6 G 15.60 11.70 18.45 
 
9 CNT 21.85 7.75 14.45 
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A4.4. Data of soil moisture, soil temperature, and chamber temperature in response to the 
days measured greenhouse gas fluxes in 2017 under the grazed and un-grazed on the 
legume, grasses, and fallow lands at Watershed site in South Dakota; UG, un-grazed; G, 
grazed; CNT, control; legume, broadleaf dominated cover crop; grass, grass dominated 
cover crop; fallow, no cover crop and no grazing (control). Moisture is recorded as (%); 
Temperatures are recorded in °C. 
      
Field 
Date  Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
5/8/2017 1 UG 24.45 17.40 31.75 
 
2 UG 22.90 17.80 30.50 
 
3 UG 32.25 18.00 31.50 
 
4 UG 28.00 19.30 32.25 
 
5 G 28.85 17.55 30.50 
 
6 G 28.85 18.40 30.75 
 
7 G 33.15 19.00 30.50 
 
8 G 32.60 18.60 30.65 
 
9 CNT 25.15 21.55 30.45 
 
10 CNT 21.40 21.90 28.80 
6/16/2017 1 UG 24.95 24.20 26.45 
 
2 UG 25.50 24.50 27.50 
 
3 UG 29.30 23.45 26.30 
 
4 UG 26.10 24.45 26.00 
 
5 G 32.25 24.40 27.60 
 
6 G 30.95 24.00 27.15 
 
7 G 32.95 24.65 26.80 
 
8 G 33.05 24.20 27.20 
 
9 CNT 25.60 26.55 28.60 
 
10 CNT 28.10 25.75 28.70 
7/11/2017 1 UG 11.10 31.55 36.35 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
 
2 UG 12.90 30.80 38.85 
 
3 UG 16.00 31.65 40.35 
 
4 UG 10.40 30.80 39.85 
 
5 G 9.95 32.75 37.25 
 
6 G 12.85 31.30 36.80 
 
7 G 10.75 30.15 40.25 
 
8 G 10.40 31.65 39.60 
 
9 CNT 15.40 30.05 36.95 
 
10 CNT 14.80 28.65 35.30 
7/24/2017 1 UG 25.75 24.05 33.20 
 
2 UG 25.90 24.35 31.55 
 
3 UG 23.75 25.95 31.50 
 
4 UG 26.25 24.85 32.70 
 
5 G 24.40 25.60 33.30 
 
6 G 24.75 24.95 32.90 
 
7 G 25.90 24.75 32.85 
 
8 G 26.50 25.50 30.65 
 
9 CNT 26.60 25.65 32.10 
 
10 CNT 28.15 25.00 31.30 
7/26/2017 1 UG 33.30 26.30 35.45 
 
2 UG 34.10 25.40 32.55 
 
3 UG 39.25 27.05 33.05 
 
4 UG 37.65 26.30 32.40 
 
5 G 38.55 27.35 34.10 
 
6 G 37.55 26.20 32.40 
 
7 G 35.90 25.50 31.65 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
 
8 G 40.65 26.50 30.80 
 
9 CNT 30.35 25.80 32.40 
 
10 CNT 35.85 25.80 31.60 
7/31/2017 1 UG 25.95 21.70 27.75 
 
2 UG 23.85 21.75 27.90 
 
3 UG 30.45 22.50 27.80 
 
4 UG 28.25 21.85 27.55 
 
5 G 29.70 21.90 27.75 
 
6 G 28.30 21.55 27.25 
 
7 G 31.80 22.25 27.15 
 
8 G 32.85 22.05 27.35 
 
9 CNT 27.55 21.95 27.20 
 
10 CNT 30.75 21.45 27.20 
8/2/2017 1 UG 19.55 20.15 25.55 
 
2 UG 19.05 20.35 26.60 
 
3 UG 24.40 21.75 25.40 
 
4 UG 26.40 20.35 25.95 
 
5 G 20.85 21.85 25.35 
 
6 G 26.05 21.65 25.60 
 
7 G 29.45 21.75 25.70 
 
8 G 25.35 21.75 25.45 
 
9 CNT 24.60 19.90 24.20 
 
10 CNT 23.95 19.80 25.20 
8/8/2017 1 UG 21.60 18.50 26.00 
 
2 UG 24.15 18.35 25.30 
 
3 UG 22.75 19.35 26.90 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
 
4 UG 25.70 19.15 27.30 
 
5 G 21.30 18.85 27.65 
 
6 G 20.10 18.15 27.90 
 
7 G 28.00 19.15 27.00 
 
8 G 25.30 19.15 27.20 
 
9 CNT 21.75 18.40 26.45 
 
10 CNT 28.20 18.45 27.65 
8/11/2017 1 UG 24.90 21.55 26.80 
 
2 UG 25.15 22.00 26.75 
 
3 UG 24.15 23.00 26.95 
 
4 UG 23.35 22.55 26.60 
 
5 G 25.80 23.25 27.45 
 
6 G 27.10 21.90 27.25 
 
7 G 29.20 22.90 27.15 
 
8 G 27.75 22.45 27.75 
 
9 CNT 24.40 22.30 26.50 
 
10 CNT 31.85 22.75 26.50 
8/24/2017 1 UG 30.05 21.00 26.65 
 
2 UG 23.95 20.10 25.35 
 
3 UG 32.25 21.95 25.50 
 
4 UG 31.10 21.35 25.20 
 
5 G 29.30 21.80 25.30 
 
6 G 31.35 22.05 25.20 
 
7 G 30.65 21.55 25.25 
 
8 G 31.60 21.35 24.75 
 
9 CNT 25.45 21.00 24.35 
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Field Date Rep Treatment 
Soil 
Moisture 
Soil 
Temperature 
Chamber 
Temperature 
  10 CNT 32.30 21.00 24.30 
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A4.5. Data of soil CO2 (carbon dioxide), CH4 (methane), and N2O (nitrous oxide) fluxes 
over the days in 2017 under the grazing and un-grazing on the legume, grasses, and 
fallow lands at Watershed site in South Dakota; UG, un-grazed; G, grazed; CNT, control; 
legume, broadleaf dominated cover crop; grass, grass dominated cover crop; fallow, no 
cover crop and no grazing (control).  
 
Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
11/3/2016 1 1 legume UG 13.16 8.36 4.75 
11/4/2016 1 1 legume UG 14.16 4.88 0.32 
11/5/2016 1 1 legume UG 10.80 -0.10 1.69 
11/6/2016 1 1 legume UG 11.90 1.54 4.49 
11/7/2016 1 1 legume UG 13.20 6.06 5.61 
11/8/2016 1 1 legume UG 11.73 12.34 4.46 
11/9/2016 1 1 legume UG 12.00 -5.95 1.28 
11/10/2016 1 1 legume UG 13.02 -3.19 4.95 
11/11/2016 1 1 legume UG 9.97 -6.99 8.18 
11/12/2016 1 1 legume UG 9.62 11.76 4.95 
11/3/2016 2 1 legume UG 11.61 2.73 2.53 
11/4/2016 2 1 legume UG 9.24 7.42 
 11/5/2016 2 1 legume UG 12.47 -9.06 0.85 
11/6/2016 2 1 legume UG 9.28 1.46 3.99 
11/7/2016 2 1 legume UG 8.24 -5.65 0.37 
11/8/2016 2 1 legume UG 8.87 11.62 4.03 
11/9/2016 2 1 legume UG 8.14 3.98 1.59 
11/10/2016 2 1 legume UG 9.61 -9.02 4.41 
11/11/2016 2 1 legume UG 11.46 5.04 5.30 
11/12/2016 2 1 legume UG 6.83 -14.20 0.09 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
11/3/2016 3 2 grass UG 9.56 3.32 12.29 
11/4/2016 3 2 grass UG 5.82 5.30 3.22 
11/5/2016 3 2 grass UG 4.21 22.12 7.52 
11/6/2016 3 2 grass UG 2.84 -4.18 2.46 
11/7/2016 3 2 grass UG 3.60 9.60 3.55 
11/8/2016 3 2 grass UG 3.34 -17.69 4.37 
11/9/2016 3 2 grass UG 4.28 3.46 0.69 
11/10/2016 3 2 grass UG 4.62 -4.52 1.54 
11/11/2016 3 2 grass UG 3.30 4.17 4.75 
11/12/2016 3 2 grass UG 1.12 -28.35 1.61 
11/3/2016 4 2 grass UG 9.24 -2.32 1.12 
11/4/2016 4 2 grass UG 7.30 13.83 3.81 
11/5/2016 4 2 grass UG 9.05 7.92 1.87 
11/6/2016 4 2 grass UG 5.66 -2.30 3.65 
11/7/2016 4 2 grass UG 4.15 7.00 1.49 
11/8/2016 4 2 grass UG 7.25 15.67 1.41 
11/9/2016 4 2 grass UG 9.02 2.46 0.64 
11/10/2016 4 2 grass UG 6.65 2.13 1.91 
11/11/2016 4 2 grass UG 9.47 -2.16 4.62 
11/12/2016 4 2 grass UG 6.02 3.64 4.60 
11/3/2016 5 1 legume G 5.18 -0.34 9.90 
11/4/2016 5 1 legume G 8.46 2.02 2.71 
11/5/2016 5 1 legume G 6.02 6.74 0.23 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
11/6/2016 5 1 legume G 3.98 5.89 0.98 
11/7/2016 5 1 legume G 5.21 -2.56 3.80 
11/8/2016 5 1 legume G 4.79 -3.97 0.24 
11/9/2016 5 1 legume G 6.70 -5.71 2.22 
11/10/2016 5 1 legume G 3.90 -1.16 0.79 
11/11/2016 5 1 legume G 2.01 -10.11 5.55 
11/12/2016 5 1 legume G 4.12 7.25 2.40 
11/3/2016 6 1 legume G 8.15 3.02 3.56 
11/4/2016 6 1 legume G 9.92 0.124 9.52 
11/5/2016 6 1 legume G 9.89 -3.29 6.79 
11/6/2016 6 1 legume G 6.69 13.62 7.21 
11/7/2016 6 1 legume G 10.65 11.95 5.62 
11/8/2016 6 1 legume G 0.68 -2.03 5.86 
11/9/2016 6 1 legume G 6.40 4.75 
 11/10/2016 6 1 legume G 2.85 -4.06 1.90 
11/11/2016 6 1 legume G 4.81 -7.40 7.75 
11/12/2016 6 1 legume G 4.22 26.70 1.07 
11/3/2016 7 2 grass G 9.84 -3.89 6.12 
11/4/2016 7 2 grass G 18.12 -5.41 7.45 
11/5/2016 7 2 grass G 11.06 19.33 2.16 
11/6/2016 7 2 grass G 10.15 2.41 
 11/7/2016 7 2 grass G 7.39 13.28 2.53 
11/8/2016 7 2 grass G 13.50 19.30 8.55 
11/9/2016 7 2 grass G 9.10 -0.25 8.01 
11/10/2016 7 2 grass G 9.70 12.12 4.57 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
11/11/2016 7 2 grass G 7.07 16.21 8.36 
11/12/2016 7 2 grass G 11.82 27.68 11.14 
11/3/2016 8 2 grass G 5.71 -15.42 3.06 
11/4/2016 8 2 grass G 8.30 -16.39 2.13 
11/5/2016 8 2 grass G 8.27 17.48 6.85 
11/6/2016 8 2 grass G 6.57 12.12 1.93 
11/7/2016 8 2 grass G 3.74 15.30 0.74 
11/8/2016 8 2 grass G 5.68 2.82 3.62 
11/9/2016 8 2 grass G 5.17 -5.74 0.87 
11/10/2016 8 2 grass G 1.78 -13.52 0.16 
11/11/2016 8 2 grass G 3.33 5.25 
 11/12/2016 8 2 grass G 3.16 15.80 2.99 
11/3/2016 9 1 fallow UG 5.84 13.20 3.43 
11/4/2016 9 1 fallow UG 1.33 0.07 4.55 
11/5/2016 9 1 fallow UG 1.17 -4.65 4.44 
11/6/2016 9 1 fallow UG 0.41 11.54 2.33 
11/7/2016 9 1 fallow UG 0.92 6.23 7.54 
11/8/2016 9 1 fallow UG 7.31 10.14 2.99 
11/9/2016 9 1 fallow UG 2.15 10.85 0.41 
11/10/2016 9 1 fallow UG 2.41 13.23 3.18 
11/11/2016 9 1 fallow UG 7.58 6.91 1.78 
11/12/2016 9 1 fallow UG 0.72 -14.18 7.63 
11/3/2016 10 2 fallow UG 5.93 9.46 
 11/4/2016 10 2 fallow UG 3.37 12.41 0.79 
11/5/2016 10 2 fallow UG 2.04 -0.91 14.63 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
11/6/2016 10 2 fallow UG 1.12 5.32 8.04 
11/7/2016 10 2 fallow UG 3.72 11.34 6.06 
11/8/2016 10 2 fallow UG 6.90 6.55 1.73 
11/9/2016 10 2 fallow UG 3.22 1.88 5.360 
11/10/2016 10 2 fallow UG 3.04 6.25 2.92 
11/11/2016 10 2 fallow UG 3.53 5.94 2.70 
11/12/2016 10 2 fallow UG 0.40 -10.9 0.26 
5/8/2017 1 1 legume UG 20.32 16.01 2.68 
6/16/2017 1 1 legume UG 40.86 -6.77 9.00 
7/11/2017 1 1 legume UG 48.03 -1.50 5.96 
7/24/2017 1 1 legume UG 49.25 -8.98 1.17 
7/26/2017 1 1 legume UG 29.11 0.66 
 7/31/2017 1 1 legume UG 48.44 4.29 0.25 
8/2/2017 1 1 legume UG 32.32 -2.20 2.60 
8/8/2017 1 1 legume UG 27.47 -1.59 1.20 
8/11/2017 1 1 legume UG 55.15 -9.93 10.91 
8/24/2017 1 1 legume UG 47.94 18.71 10.04 
5/8/2017 2 1 legume UG 24.56 8.95 3.87 
6/16/2017 2 1 legume UG 28.041 -5.47 9.64 
7/11/2017 2 1 legume UG 50.03 15.40 0.43 
7/24/2017 2 1 legume UG 48.64 -5.23 5.24 
7/26/2017 2 1 legume UG 41.11 1.15 
 7/31/2017 2 1 legume UG 25.82 5.21 2.78 
8/2/2017 2 1 legume UG 18.52 0.43 6.53 
8/8/2017 2 1 legume UG 35.30 6.19 2.69 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
8/11/2017 2 1 legume UG 36.83 -9.10 5.21 
8/24/2017 2 1 legume UG 29.46 18.42 6.15 
5/8/2017 3 2 grass UG 13.37 14.75 3.32 
6/16/2017 3 2 grass UG 42.32 -15.42 7.22 
7/11/2017 3 2 grass UG 31.851 5.25 0.39 
7/24/2017 3 2 grass UG 51.46 2.30 7.89 
7/26/2017 3 2 grass UG 36.21 -8.22 
 7/31/2017 3 2 grass UG 44.31 -3.05 4.33 
8/2/2017 3 2 grass UG 40.29 -0.22 8.88 
8/8/2017 3 2 grass UG 37.14 8.83 5.49 
8/11/2017 3 2 grass UG 37.31 -10.80 1.83 
8/24/2017 3 2 grass UG 39.00 21.54 7.47 
5/8/2017 4 2 grass UG 25.06 14.75 3.13 
6/16/2017 4 2 grass UG 33.79 15.65 6.69 
7/11/2017 4 2 grass UG 40.21 -0.11 1.92 
7/24/2017 4 2 grass UG 58.07 -9.05 6.72 
7/26/2017 4 2 grass UG 48.98 12.10 
 7/31/2017 4 2 grass UG 47.08 2.55 2.98 
8/2/2017 4 2 grass UG 30.39 -1.00 1.06 
8/8/2017 4 2 grass UG 42.37 3.89 5.06 
8/11/2017 4 2 grass UG 45.38 6.12 6.14 
8/24/2017 4 2 grass UG 45.07 18.41 6.73 
5/8/2017 5 1 legume G 20.11 -12.77 6.26 
6/16/2017 5 1 legume G 42.28 2.51 17.49 
7/11/2017 5 1 legume G 56.78 1.19 0.18 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
7/24/2017 5 1 legume G 63.41 3.11 11.08 
7/26/2017 5 1 legume G 42.20 -1.77 
 7/31/2017 5 1 legume G 53.43 -6.69 5.11 
8/2/2017 5 1 legume G 23.96 2.83 4.95 
8/8/2017 5 1 legume G 22.44 -3.78 11.29 
8/11/2017 5 1 legume G 42.01 2.79 12.23 
8/24/2017 5 1 legume G 48.61 8.02 5.33 
5/8/2017 6 1 legume G 20.66 15.12 8.14 
6/16/2017 6 1 legume G 31.60 7.77 
 7/11/2017 6 1 legume G 45.43 1.95 4.49 
7/24/2017 6 1 legume G 59.45 19.45 9.61 
7/26/2017 6 1 legume G 24.70 4.86 
 7/31/2017 6 1 legume G 47.72 -1.07 11.59 
8/2/2017 6 1 legume G 23.38 4.34 6.67 
8/8/2017 6 1 legume G 13.93 10.91 11.81 
8/11/2017 6 1 legume G 43.99 5.91 17.70 
8/24/2017 6 1 legume G 39.45 6.88 9.76 
5/8/2017 7 2 grass G 26.66 5.68 6.74 
6/16/2017 7 2 grass G 47.52 0.93 10.50 
7/11/2017 7 2 grass G 42.81 -4.30 3.82 
7/24/2017 7 2 grass G 56.28 6.57 14.02 
7/26/2017 7 2 grass G 40.57 3.13 
 7/31/2017 7 2 grass G 56.61 5.00 2.15 
8/2/2017 7 2 grass G 34.25 -2.92 3.48 
8/8/2017 7 2 grass G 30.35 -2.11 3.14 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
8/11/2017 7 2 grass G 44.01 14.14 2.23 
8/24/2017 7 2 grass G 40.18 3.59 7.13 
5/8/2017 8 2 grass G 22.27 -10.61 5.42 
6/16/2017 8 2 grass G 42.37 -2.95 13.95 
7/11/2017 8 2 grass G 50.78 -1.45 3.78 
7/24/2017 8 2 grass G 61.45 -16.19 7.81 
7/26/2017 8 2 grass G 32.87 -16.85 
 7/31/2017 8 2 grass G 57.75 -0.10 10.96 
8/2/2017 8 2 grass G 27.22 21.48 9.46 
8/8/2017 8 2 grass G 29.45 13.93 6.73 
8/11/2017 8 2 grass G 42.32 5.39 2.39 
8/24/2017 8 2 grass G 25.26 12.64 4.83 
5/8/2017 9 1 fallow UG 9.37 -10.42 1.56 
6/16/2017 9 1 fallow UG 27.24 14.56 4.46 
7/11/2017 9 1 fallow UG 41.33 -3.43 2.12 
7/24/2017 9 1 fallow UG 44.69 -0.07 0.76 
7/26/2017 9 1 fallow UG 22.89 13.34 
 7/31/2017 9 1 fallow UG 26.05 1.08 0.55 
8/2/2017 9 1 fallow UG 12.06 -3.19 2.24 
8/8/2017 9 1 fallow UG 15.60 -8.86 3.76 
8/11/2017 9 1 fallow UG 32.47 5.69 3.51 
8/24/2017 9 1 fallow UG 20.54 0.76 1.19 
5/8/2017 10 2 fallow UG 23.56 -4.44 1.21 
6/16/2017 10 2 fallow UG 20.79 11.20 
 7/11/2017 10 2 fallow UG 47.63 -0.19 1.55 
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Field Date Plot Rep Crop Treatment CO2 CH4 N2O 
     
Kg ha-1 
d-1 G ha-1 d-1 G ha-1 d-1 
7/24/2017 10 2 fallow UG 43.81 -9.18 6.15 
7/26/2017 10 2 fallow UG 34.34 1.84 
 7/31/2017 10 2 fallow UG 24.17 -7.85 7.80 
8/2/2017 10 2 fallow UG 23.39 -6.22 1.12 
8/8/2017 10 2 fallow UG 24.15 2.56 2.67 
8/11/2017 10 2 fallow UG 39.49 9.79 5.78 
8/24/2017 10 2 fallow UG 21.01 2.69 6.33 
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